Samples of ferrofluids containing chemically stabilized nanoparticles of magnetite (Fe 3 O 4 ) with tetramethylammonium hydroxide (TMAOH) were prepared by a direct reduction-precipitation method. The influences of aging time and temperature on the size and monodispersion characteristics of the produced nanoparticles were investigated. Transmission electron microscopy, powder X-ray diffraction, Fourier-transform infrared, and magnetization measurements with applied magnetic field up to 2 T were used to characterize the synthesized iron oxides. Raising the temperature of the synthesized material in autoclave affects positively the monodispersion of the nanoparticles, but it was not found to significantly influence the size itself of individual particles.
Introduction
Magnetic nanoparticles have been drawing expressive technological interests for their outstanding properties and potential applications in various fields, including ferrofluids materials, catalysts, colored pigments, high-density magnetic recording media, and medical diagnostics and therapy [1] [2] [3] [4] [5] . The size and morphology of nanoparticles are two important characteristics influencing their electrical, optical, and magnetic properties [6] [7] [8] [9] . The way nanoparticles are synthesized may determine their morphological uniformity and size distribution; these conditions become one of the key challenging issues in nanoscience and nanotechnology [10, 11] . More recently, mixed and pharmacologically coated magnetic nanoparticles have been suitably prepared in order to be used in biological applications and in medical diagnoses and therapy in oncology. Some applications associated with superparamagnetic nanoparticles are cellular therapy such as labeling and targeting in cell-biology practices as to separate and purify cell populations, tissue repair, drug delivery, magnetic resonance imagery (MRI), hyperthermia, and magnetofection [12] [13] [14] [15] .
Syntheses of nanoparticles with variable sizes and size or homogeneous morphology have been intensively tried particularly for magnetic iron oxides with spinel structure, namely maghemite (gFe 2 O 3 ) and magnetite (Fe 3 O 4 ). However complex preparation processes may be required to assure sorting out particles with designed size and morphology [16] [17] [18] [19] . Most commonly, Fe 3 O 4 nanoparticles are prepared via coprecipitating ferrous and ferric ions in aqueous solution [20, 21] . However, the corresponding chemical reactions do occur very fast, just promptly on mixing reactants, and this makes it very difficult to control the crystallization process. As a consequence, the magnetic nanoparticles of the resulting iron oxides tend to exhibit relatively poor size uniformity and crystallinity, and this feature may limit their use in many technological applications.
The solvothermal process is one of the successful methods to grow crystals, in which the formed magnetite grains have much higher crystallinity than those prepared from other methods. However, the chemical composition of the starting organometalic compounds used in this synthesis limits further several applications, taking into account the (a) hazardous nature of precursors; (b) complex manipulation of chemicals and conditions during synthesis; (c) high cost of the materials needed, and (d) low chemical yields of products [22] .
The present work aimed at proposing a relatively simpler preparation of size-controlled superparamagnetic iron oxides nanoparticles through a reduction-precipitation method combined with a thermal treatment. The produced magnetic samples were mildly heated to 50 1C and 100 1C for 1 h, 3 h, and 5 h, in a procedure intended to clean them up from surface water or chemical reactants and increase their structural stability, preventing from any easily oxidation of the nano-grained magnetite. In this procedure, instead of using the usually toxic and expensive organometallic compound as precursors, it is proposed a new method to synthesize monodispersed magnetite nanocrystals, with higher product yields than through most of the conventional methods. To ensure that the Fe 3 O 4 nanoparticles are monodispersed, their surfaces were modified by adsorbing tetramethylammonium hydroxide (TMAOH), in order to prevent their agglomeration in aqueous solution, as they are required, for instance, to be better suitable for using in medical diagnosis and therapeutic practices.
Experimental

Materials and reagents
All chemicals used in this work, namely FeCl 3 Á 6H 2 O (Riedel-de Haen), HCl (Fluka), Na 2 SO 3 (Sigma-Aldrich), ammonium hydroxide (Fluka), and 25% aqueous tetramethylammonium hydroxide solution (TMAOH) (Sigma-Aldrich), were of analytical grade standards and used as received.
Iron oxide nanoparticles preparation
The synthesis procedure used to prepare these magnetite samples was described in details in Ref. [23] . It was based on the method earlier proposed by Qu et al. [24] , and essentially consisted in adding 20 mL of 1 mol L À 1 Na 2 SO 3 to 30 mL of 2 mol L À 1 FeCl 3 Á 6H 2 O, in a medium previously acidified with HCl, into a 1000 mL 3-necked round bottom flask, while bubblingin N 2 gas, in order to assure as much as possible a chemically inert atmosphere. The suspension containing the precipitated powder was centrifuged at 2000 rpm for 3 min; the supernatant was discarded. This procedure was repeated five times by re-dispersing the resultant cakes in distilled water. The as obtained precipitate was labeled Mt. The nanoparticles were then treated so to be coated with tetramethylammonium hydroxide (TMAOH). Typically, 1 mL of commercial 25% TMAOH solution was added to each centrifuge tube containing an amount of wet cake corresponding to about 1 g dry powder and re-dispersed with a thin glass rod until obtaining homogeneous suspensions. These suspensions were then dried to obtain the final powders. The sample that was treated with TMAOH in order to obtain the surface coated nanoparticles was labeled Mt1.
TMAOH was used as protective agent to decrease particle aggregation, due interparticle interaction; the electrostatic repulsion effect is mainly caused by charges of the tetramethylammonium cations adsorbed on the particle surface, in the water medium. The obtained mixture was sealed in a teflon-lined stainless-steel autoclave of 50 mL capacity, and heated at 50 1C or 100 1C. The so assembled system was kept at the selected temperature in an oven for 1 h, 3 h, or 5 h and allowed for spontaneously cooling down to room temperature. The resulting products were separated with a permanent magnet, washed out with distilled water and acetone, and dried at room temperature. Magnetic particles were picked-up from the aqueous suspension, with a small hand magnet. The magnetization of iron-rich spinels tends to decrease as particle sizes become smaller. The effectiveness of this separation in this case was rather limited not only due to small sizes of the magnetic particles but also to the low strength of the magnetic field generated by the small hand magnet. In view of these main effects most particles actually remained in suspension after magnetic separation. The samples autoclave-heated at 50 1C for 1 h, 3 h, and 5 h were labeled Mt1-51, Mt1-53, and Mt1-55, respectively; those heated at 100 1C for 1 h, 3 h, and 5 h were labeled Mt1-101, Mt1-103, and Mt1-105, respectively. The heating time and the temperature were chosen in an attempt to control the size and monodispersity of the produced nanoparticles.
Characterization
The size and morphology of the synthesized particles were determined by directly measuring their dimensions on images obtained with a Hitachi, 9000 NA (Japan) transmission electron microscope (TEM), using a drop of the sample suspension onto a copper mesh coated with an amorphous carbon film. This mesh was then dried in a vacuumed desiccator. Any attempts to improve dispersing agglomerated particles in the suspension with a low-power ultra-sound bath were virtually unsuccessful. The crystalline structure of the magnetic nanoparticles, after evaporating the liquid carrier of samples, were assessed with powder X-ray diffraction (XRD) measurements, using a Rigaku Geigerflex D/Max, C Series and Cu(Ka) radiation, with 2y angles ranging from 251 to 701 by steps of 0.021/s. The crystalline phases were identified by comparing the experimental X-ray patterns with standard data from files of the International Center for Diffraction Data. The ATR-FTIR data were collected with a FT-IR model Mattson Galaxy S-7000, 32 scans, and resolution of 4 cm À 1 . The magnetization curves were obtained with 100 to 150 mg of each sample in a vibrating sample magnetometer (VSM) with a cryogen free magnet (Cryogenic-Cryofree) at the University of Aveiro, Portugal. Typical hysteresis curves were obtained at 30070.1 K, and with a magnetic field between À2 and 2 T. The magnetic parameters, specifically saturation magnetization (M s ), magnetic coercivity (H c ) and remanence (M r ) were deduced from these VSM results.
Results and discussion
Colors of iron oxide may be very dependent on grain size and chemical composition and this feature is a first auxiliary attribute in their identification, and may even be eventually used as a rule of thumb guide to purity [25, 26] . In this work, all samples are typically black in color and are magnetic, which suggest that magnetite may be the dominant phase, although ancillary maghemite may not be completely excluded.
The size and morphology of particles of these samples, prepared under different reaction conditions, were analyzed with transmission electron microscopy (TEM).
Comparing TEM pictures for samples Mt and Mt1 (Fig. 1) it can be observed that particles in Mt1 are better dispersed than in Mt. This was actually expected, as tetramethylammonium hydroxide (TMAOH) acts as a surface-active agent [25] favoring the dispersion of Fe 3 O 4 (magnetite) nanoparticles.
Among the thermally treated samples, the one heated at 50 1C for 1 h showed the most uniformly size-distributed nanoparticles, with only some few observable agglomerates (Fig. 2) . Typical TEM image for the sample Mt1-51 (Fig. 2 ) is presented to serve as an illustration of the typical morphology, and the way the averaged particle sizes of magnetic grains were determined for all samples, from directly measuring individual grains on the complete set of electron-microscopy images (not shown). This result indicates an overall trend for the autoclave-treated materials to form the smallest particles among all of these samples. From TEM original images the thermal treatment does affect both the dispersion and the mean sizes of particles.
In general, particles for all samples were found to be approximately isometric in shape; the thermal treatment tends to narrow their particle size distributions. Fig. 3 shows X-ray diffraction patterns for all samples. It can be observed that the positions of the characteristic reflection peaks of the spinel structure are consistent with the standard diffraction reflections for magnetite (ICDD card # 88-0866). Taking into account the typically small differences between typical XRD patterns for magnetite and maghemite, these two phases may be only hardly distinguished in such an intimate mixture. No clear reflection peak due to other crystalline phase, which could occur as impurity, was observed, indicating that final products were pure enough, from this point of view, consisting essentially of a binary mixture of the two spinel magnetic iron oxides, meaning magnetite and maghemite. The intensities of the reflection peaks in these X-ray diffraction patterns for the sample Mt1 are in general smaller than those for the sample Mt. This means that the surface-active agent tends to hinder the growth of the nanoparticles, keeping them in a monodispersed state. The average particle sizes for all samples, from breadths of reflection 311, estimated with Scherrer equation [27] are shown in the Table 1. ATR-FTIR spectra for these samples are shown in the Fig. 4 . The spectrum (Fig. 4) for sample TMAOH shows a strong band at 1490 cm À 1 assignable to the asymmetric methyl deformation mode, d asym (CH 3 ). Another single band appears at 950 cm À 1 , assignable to the asymmetric methyl deformation mode C-N, which is generally observed in the domain 900-1000 cm À 1 [28] .
The ATR-FTIR pattern for the Mt sample (Fig. 4) shows a band at 550 cm -1 , which is the characteristic of magnetite [29] [30] [31] . Patterns for samples Mt1, Mt1-51, Mt1-53, Mt1-55, Mt1-101, Mt1-103, and Mt1-105 (Fig. 4) show typical bands of TMAOH and of magnetite. The observed bands at 850 and 1070 cm À 1 are assignable to CH 2 vibrations [32] . ATR-FTIR bands observed from the spectra for Mt1, Mt1-51, Mt1-53, Mt1-55, Mt1-101, Mt1-103, Fig. 2 . TEM micrograph of sample Mt1-51.
Table 1
Mean coherence lengths (MCL), reflecting changes in particle sizes for samples, as determined with the Scherrer formula. Uncertainty figures were taken as being standard deviations over the mean values estimated from peak breadth measurements for the different reflections spanning the corresponding X-ray diffraction patterns. and Mt1-105 samples (Fig. 4) evidence that the TMAOH indeed coats the sample gains. Fig. 5 shows the magnetization curves at 300 K for the just after synthesized and also for the thermally treated powders. The curves indicate a superparamagnetic behavior for all the studied samples, as evidenced by both zero coercivity and zero remanance on the magnetization loop. The measured values of saturation magnetization (M s ) are presented in Fig. 6 . M s increases with the proportion of magnetite and with the particle size. In average, the bigger the particle is the higher saturation magnetization of the corresponding material; the magnetite-richest Mt sample shows the highest M s ¼ 70 emu/g, which is consistent with the value reported in the literature [33] for a magnetite sample with grains of mean dimension comparable to this. Lowering the averaged particle sizes, the corresponding M S values consistently lower.
Estimated sizes of particles, as determined from TEM images, and saturation magnetization, for coated particles only, are linearly correlated (Fig. 6) . This means that a first direct effect of reducing particle sizes (f) in this set of samples is lowering the corresponding saturation magnetization values, according to the following expression:
It is well known that crystallite size mainly depends on the balance between the nucleation and crystal growth rates [34] [35] [36] [37] . Crystallites tend to be smaller if the nucleation rate is larger than the crystal growth rate. From elsewhere reported data, the high nucleation rate is attained by increasing the supersaturation, comparatively to the growth rate, which tends to rise more sharply (or exponentially) with supersaturation [34] [35] [36] . However, these results suggest a somewhat different process. Increasing the temperature of the autoclave promotes the outer layer-dissolution of particles. The TMAOH then protects them from re-agglomerate, resulting in smaller and better-dispersed particles.
Conclusion
This work reports on the synthesis and preparation of magnetic monodispersed iron oxides grains with high homogeneity in size and morphology, via thermal treatment and use of TMAOH as dispersing chemical agent. The post-synthesis autoclave-heating promoted the decrease of the mean particle size and TMAOH tends to satisfactorily keep particles well dispersed, making the resulting primary material suitable for many technological applications as, for instance, in medical diagnosis (including contrast in magnetic resonance imagery) and therapy, due to the hyperthermic behavior of these superparamagnetic iron oxides, and for magnetically-oriented drug delivery, in oncology. Further chemical cleaning should be obviously still considered in order to effectively prepare these materials for such medical uses.
